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Minimizing Noise in Distributed Reflector Laser
Types Under Optical Injection Locking
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Abstract— Complex coupled distributed feedback (DFB) lasers
and sampled grating distributed Bragg reflector (SGDBR) lasers
under optical injection locking are investigated to determine
lowest noise operation. A noise reduction (frequency and intensity
combined) of up to 15 dB was measured utilizing detuned
optical injection locking at the relaxation oscillation frequency.
Furthermore, 4 dB improvement in frequency noise at 10 kHz
offset for higher coupling coefficient DFBs under injection locking
was measured. The DFB lasers show more sensitivity to injection
locking and have a lower need of injection power while exhibiting
better signal to noise ratio compared to an SGDBR.

Index Terms— Diffraction gratings, injection locking, noise
measurement, noise reduction, frequency noise, semiconductor
lasers, laser noise.

I. INTRODUCTION

THZ communications is getting more and more attention
due to the upcoming 6G wireless communication. 6G will

cover frequencies in the Terahertz region starting at 100 GHz
and reaches up to 3 THz [1]. For optical THz signal generation,
signals from two laser sources are combined to a beat signal
in a photodiode as demonstrated in [2].

In wireless communication it is known that RF noise and
phase noise are the main factors, degrading the error vector
magnitude (EVM) and thus limit the maximum achievable
data rate in communication links. Utilizing optical injection
locking (OIL), the phase noise of the two laser sources can be
improved, allowing for an increase link capacity and range [3].
Channel bandwidth in IEEE 802.11 standard of 20-160 MHz
and up to 8 GHz for transmission rates of over 20 Gb/s [4]
make noise in this offset frequency band and higher important
to mitigate now and for future channel bandwidths.

Optical injection locking is a method for synchronizing
optical frequencies and phases, which relies on photon-photon
interaction, occurring when external light of a first primary
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laser enters a laser cavity of a secondary laser [5]. The effects
of bandwidth enhancement [6] and cavity shift [7] have been
discussed.

The major objective of this study is to investigate the
suitability of different distributed reflector (DR) laser types
and OIL methods for OIL-based signal improvement with
complex coupled distributed feedback (DFB) and sampled
grating distributed Bragg reflector (SGDBR) secondary lasers.

II. THEORETICAL ANALYSIS

A. Locking Range
One important characteristic for injection locking is the

locking range of the secondary laser. To determine the locking
range, we can use the equation [8]:

−κ
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√
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The injection ratio is defined as Rinj = Pin/P0. The locking
range is dependent on the power of the injected light Pin, the
power of the secondary laser P0, the coupling coefficient κ

and the linewidth enhancement factor (LEF) or Henry factor
αH .

In Fig. (1) the simulated multielement mirror reflection
spectra of SGDBR and DFB laser are shown. It is evident
that the reflection bandwidth for a single tone is wider in a
DFB, the SGDBR has a much narrower reflection bandwidth
in that regard.

III. CAVITY SHIFT

Negative frequency detuned optical injection locking will
be referred to as “red locking”, positive detuned locking as
“blue locking” and little to no detuning as “center locking”
for simplicity.

In [9] it is theoretically and experimentally shown that a
phase offset 18 will manipulate the relaxation resonance peak
intensity of semiconductor lasers. It will most closely resemble
the primary laser signal shape, and therefore its resonance
frequency peak intensity, if there is no phase offset to the
secondary laser cavity present. Therefore, frequency noise will
be reduced when detuning injected light to a phase offset of
zero, given a lower noise primary laser.

A resonance cavity shift 1ω (N) = −cαH g(N − N th)/2
was observed when injection locking [7], where c is the speed
of light, αH is the henry factor, g is the secondary laser’s
linear gain coefficient, N is the carrier number and N th is the
threshold carrier number. Due to this cavity shift, the phase
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Fig. 1. Simulated multielement mirror reflection spectra of SGDBR and DFB.

Fig. 2. Microscope picture of the complex coupled DFB (left) with 400 µm
total device length and SGDBR (right) with 2650 µm total device length.

offset will be zero at the red locking edge. In Equation (2)
[6] when setting the detuning 1ωin j = 0 (Eq. 5) the phase
offset 18 does not become zero but has an offset of 18 =

−tan−1(αH ). This necessitates a negative detuning, as of
Equation (5), to compensate the phase offset. Equation (3)
[9] shows that given a phase offset of 18 = 0, the resonance
frequency ω (N) aligns with the primary laser frequency ωM .

18 = sin−1
(

−
1ωinj

κ
√

1 + αH

√
Rinj

)
− tan−1αH (2)

ω (N) = ωM − κsin (18) (3)
G (N) = αL − 2κcos (18) (4)
1ωinj = ωM − ωS (5)

Here αL is the cavity loss including mirror losses, 8M is the
primary laser phase, 8S and ωS is the free running secondary
laser phase and frequency, 8cav is the secondary laser cavity
phase, κ is the injection coupling. The stationary value of gain
G (N) is also dependent on 18, in contrast to ω (N) the gain
reaches its maximum at 18 = ±π/2 (Eq. 3), also shown in
the simulations. This means a decrease in signal strength when
red locking, however there is still a significant improvement
in SNR. Blue locking on the other hand, where the phase
offset is π/2 at the positive locking edge, was reported
in [6] to enhance modulation bandwidth in directly modulated
lasers (DML).

IV. EXPERIMENTAL SETUP, RESULTS AND DISCUSSION

The devices under test (DUTs) are a complex coupled
distributed feedback (DFB) laser and a sampled grating dis-
tributed Bragg reflector (SGDBR) laser. The fabricated chips
are displayed in Fig. (2a).

The DFB exhibits a linewidth of 3.1 MHz and the SGDBR
2.9 MHz. The Linewidth derived from frequency noise is
75 kHz for the DFB and 83 kHz for the SGDBR. The SGDBR
has a total length of 2.65 mm, including 800 µm rear grating,

Fig. 3. Schematic of measurement setup for linewidth and optical spectrum,
where OSA and ONA are on the same slot.

600 µm front grating, 400 µm gain section and 150 µm
phase section. The DFB consist of a single 200 µm active
region including grating and heater (for wavelength shift)
with a total length of 400 µm. Both DUTs where fabricated
with a butt-joint regrowth epitaxial structure [10] on the same
Fraunhofer HHI dedicated wafer.

The DFBs have a smaller tuning range of about 4 nm [11].
SGDBRs have been shown to be tunable up to 53 nm [12].

An optical and electrical spectrum is necessary to explore
the properties of the devices being tested. The measuring
setup consists of a reflection type injection locking setup
with a 200 kHz linewidth tunable primary laser as shown
in Fig. (2b). Light from the injection locked secondary laser
is sent to the Anritsu MS9740B optical spectrum analyzer
(OSA) for optical, the Sycatus A0040A optical noise analyzer
(ONA) for frequency noise evaluation and the R&S FSW67
for self-heterodyne linewidth measurement.

Under injection locking, a SGDBR and a complex coupled
DFB laser are being analyzed. Both lasers contain the same
active section stack and are manufactured on the same Fraun-
hofer HHI dedicated wafer. Detuning the injected light was
achieved with the tunable primary laser.

Frequency noise close (up to 20 MHz) to the signal fre-
quency are assessed using ONA measurements. Linewidth
measurements are done with an electrical spectrum analyzer
(ESA). The injection locked secondary laser signal passes
through the circulator to a self-heterodyne interferometry to
the ESA. The signal is split in two paths, the first path
containing a delay line of 10 km fiber and the second path
an acoustic optic modulator (AOM). The AOM shifts the
signal for 80 MHz. Finally, both signals are combined in a
photodiode, its electrical signal is then evaluated with an ESA
and the linewidth is determined (Fig.4). The power of the
lasers are too low to see changes in higher offset frequencies
than shown in Fig.4 using the self-heterodyne setup.

For an investigation of the behavior of the DUTs under
injection locking, injected light is detuned from the negative
edge to the positive edge of the locking range of each laser.
Injection power from the primary laser is swept in a 14 dB
range into the DUTs.

The optical spectra in Fig. 3 shows the effects of detuned
optical injection on noise. Detuning from −15 GHz to +5 GHz
was measured and plotted. A red locked DFB showed a
noise reduction of 10 dB (from −32 dBc/nm to −42 dBc/nm
at a resolution of 0.03nm) to a free running and 15 dB
(−31 dBc/nm to −46 dBc/nm) to a blue locked regime for
a detuning from +5 GHz to −15 GHz at a −12 dB injection
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Fig. 4. Measured spectrum of an injection locked DFB and SGDBR
normalized to carrier power with a resolution bandwidth of 1 kHz.

Fig. 5. Simulated spectrum of DFB and SGDBR with detuned injection
light.

ratio at the relaxation resonance frequency. In [13] a noise
reduction for injection locking of about 15 dB for VCSELs
was shown and in [14] about 14 dB for quantum well laser
diodes for injection ratios of 10 and −9 dB, respectively.

Both lasers exhibit increased relaxation resonance peaks
when injection locked with positive frequency detuning and
a reduction when negatively detuning the injected light to
the secondary laser free running frequency according to sim-
ulations (Fig. 5). Depending on how the injected light is
detuned to the secondary laser frequency within the locking
range, frequency noise close to the signal wavelength, will
vary as shown in measurements (Fig. 6). In [15] a theoretical
investigation of frequency noise in quantum cascade lasers
was conducted and reported the observed effect of Fig. 5.
The damping of relaxation oscillation peaks can be seen
in measurements for the DFB but only in simulations for
SGDBRs (Fig. 6), due to insufficient resolution in spectral
measurements for frequencies over 20 MHz.

While injection locking effects are correctly represented in
simulations, linewidths could not reflect measurement data.
Linewidths are 3 orders of magnitude smaller in simula-
tions than in measurements, including the primary laser.
The Simulations in Fig. 5 hence show very narrow lines
compared to the measurements.

Fig. 6. Measured spectrum of a DFB with detuned injection light from
−15 GHz to 5 GHz at an injection ratio of −12 dB.

Fig. 7. Measured spectrum of an injection ratio increase for a DFB with
−15GHz detuned injection signal.

Relaxation resonance peaks will rise in intensity con-
tinuously from the negative to the positive locking edge.
A demonstration of this behavior can be seen in Fig. 5. Increas-
ing the injection ratio causes noise to decrease independent of
detuned injection (Fig. 7), this indicates that the Bogatov effect
plays a role in detuned optical injection locking.

The Bogatov effect is a parametric amplification and
damping depending on detuning between pump and probe
signal [16], [17]. The satellite peaks in Fig. 5 show that a
negative frequency detuning results in amplification while a
positive frequency detuning results in intensity dampening,
as there is an asymmetry in intensity between satellite peaks

In a red locked regime, the primary laser is negatively
frequency detuned to the secondary laser signal, resulting in an
amplification of the primary laser signal inside the cavity. The
injection ratio is effectively increased in this regime. In a blue
locked regime, the primary laser power is decreased, thereby
decreasing the effective injection ratio. The Bogatov effect
further increases effects previously described by the cavity
shift, by changing the effective Rinj.

The injected power reaching the active region differs
depending on the laser type, making the sensitivity to OIL dif-
ferent (Fig.9). When using the same primary laser power, the
DFB active region receives more power than the SGDBRs do.
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Fig. 8. Illustration of Bogatov effect and cavity shift during injection locking.

Fig. 9. Measured locking range of a DFB and SGDBR as a function of
effective injection ratio. Equal primary laser power was injected.

The reflectivity of the SGDBR gratings is higher and thus will
reflect more of the injected light (Fig. 1). Contrary to DFBs,
the optical losses are higher, because the injected light needs
to pass lossy passive sections until it reaches the amplifying
gain region (Fig. 9). The effective Rinj is hence increased for
the DFBs and, thus, the locking range (Eq. 1). As a result
of the narrower reflection bandwidth for a single tone the
locking range of SGDBRs is smaller. A narrower reflection
bandwidth causes the detuned injected light to resonate less
strongly, which lowers the intensity of the light inside the
cavity and reduces the injection ratio and locking range (Eq. 1)
(Fig. 9). The DFB hence requires lower power consumption
for the primary laser during an injection locking operation.

The estimated LEF is 2.05 for both DFB and SGDBR.
All OIL measurements are conducted in the stable locking
range of the lasers. The locking range for both laser types has
been measured, using an electrical spectrum analyzer with a
resolution bandwidth of 1 kHz, in Fig. 9 for a span of effective
injection ratios.

DBR type lasers typically exhibit a smaller linewidth than
DFBs, due to their higher length and reflection outside the
active region. Longer lasers result in a longer round-trip
time and reflections outside the active zone indicate a higher
finesse reflection cavity. However, with injection locking, the
linewidth will lock to the primary laser linewidth regardless
of secondary laser linewidth [18]. The electrical spectrum
is measured using a self-heterodyne setup, which is used to
determine the linewidth of the DUTs. It is possible to measure

Fig. 10. Measured frequency noise of SGDBR and DFB with κ ∼ 500 cm−1

injection locked.

Fig. 11. Schematic of epitaxial growth for SOA in the SGDBR and DFB.

TABLE I
CALCULATED κ FOR DIFFERENT GRATING ETCH DEPTHS

frequency noise close to the peak at frequency offsets of
up to 20 MHz (Fig.8). Under optical injection locking, all
lasers exhibit the same linewidth, although frequency noise
varies at offset frequencies (Fig. 4 & 10). In comparison to
the tested SGDBRs, the DFBs have demonstrated a lower
frequency noise by about 3 dB at 10 kHz offset (Fig. 10).
The calculated coupling coefficient of different etch depths
for complex coupled DFBs and SGDBRs are shown in Tab. I.
The epitaxial growth of the SOA for the SGDBR and the DFB
are shown in Fig. 11.

Simulations suggest that a higher coupling coefficient κ

results in a lower frequency noise by increasing locking range
and lowering output coupling of laser light (Fig. 12) [19].

Complex coupled DFBs can have a high κ and low reflection
therefore can show lower intensity in relaxation resonance
peaks. Furthermore, because they are short in length and
therefore have a short round-trip time, the peak strength of
the relaxation resonance is reduced by raising the relaxation
resonance frequency [20]. A higher coupling is achieved
through a deeper etch, which will result in higher internal
reflection and lower output and higher internal power. The
grating etch depth is equally deep for both tested laser
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Fig. 12. Simulated spectrum of two SGDBRs (left) & DFBs (right)
with different κ . Point of reference taken at resonance relaxation oscillation
frequency.

Fig. 13. Measured injection. locked DFB lasers at −15GHz detuning with
different κ (estimated to be ∼ 300 & 500 cm−1) under the same injection
ratio of −9 dB.

Fig. 14. Measured frequency noise of DFB injection locked at −14 dB eff.
injection ratio for different grating depths.

types. Compared to lower κ DFBs, higher κ DFBs shows
a 3 dB reduction in the optical spectrum (Fig.13) validating the
simulation results (Fig. 12). Moreover, 4 dB in frequency noise
at 10 kHz offset (Fig. 14) can be observed, while SGDBRs
show no meaningful reduction (Fig. 15). The SGDBR has a
low locking range and an already high reflection on front and
rear grating, an increase in κ will not increase the locking
range or reflectivity significantly, on the opposite site a lower
κ will allow for a bit more injection light to enter the cavity
which leads to a little increase in effective injection ratio

Fig. 15. Measured frequency noise of SGDBR injection locked at −14 dB
eff. injection ratio for different grating depths.

thereby reducing noise. For complex coupled DFBs sensitivity
to optical feedback or in this case optical injection is also
higher than in high κ index coupled DFBs [21].

V. CONCLUSION

A complex coupled DFB and an index coupled SGDBR
laser have been investigated under optical injection locking.
The DFB shows a higher locking range under the same
optical injection power compared to the SGDBR. However,
the SGDBR shows a lower sensitivity for optical injection,
due to its high and narrow reflection spectrum for a single
tone. SGDBRs have a larger footprint and have different front
and rear gratings. A higher reflection on the rear grating in
transmission type injection locking, reduces the injected light
power. A higher input power is hence required to achieve the
same injection ratio. This makes transmission type injection
locking less energy-efficient than reflection type injection
locking. The DFB has a smaller footprint and can be injection
locked from either side using the same input power, due to
the same reflectivity on both sides. Reflection type injection
locking requires a multi-mode interferometer (MMI) and a
180◦ waveguide bend to achieve on chip integration. When
considering the losses of the MMI and the bend, transmission
type injection would yield more input power into the laser.
Furthermore, the MMI creates a second cavity due to back
reflections and thereby introduces additional noise.

A high κ improves frequency noise in DFB lasers and
increases the locking range. In addition, detuned optical injec-
tion showed good results in decreasing noise at higher offsets
to the carrier frequency. In comparison with blue locking, red
locking improves noise by up to 15 dB for the secondary laser.
However, the main mode linewidth is solely determined by the
primary laser linewidth.

When injection locking DFBs and SGDBRs it is crucial to
decide, if fast modulation (blue locking) or low noise operation
(red locking) is the goal, as the detuning is opposite and has
a contrary effect to the other purpose (e.g. lower bandwidth
modulation or higher noise operation).

A red locked complex coupled DFB with a deeply etched
grating showed to be the best choice in regards to noise and
sensitivity to OIL for purity signal generation components.
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